NMicrocomputer courses are growing in popularity as a consequence of the rapidly increasing application of microprocessors to virtually every area of life. In the real world of microcomputing, the distinctions among hardware, software, and applications are giving way to integrated designs. Because of this, students of microcomputer-based system design have to be competent in all areas; they will require courses which give full coverage of the field.
Universities tend to produce computer scientists who are expert programmers but have little understanding of real-world applications. This is particularly true in Figure 1 . Block diagram of the basic laboratory microcomputer system. process control, where students not only lack experience in control theory but also in fundamental physics.
Working models provide an inexpensive way of simulating the real world. They A Motorola M6800 microprocessor system is used. Originally interface circuits were wired directly on the prototype section of a Heathkit trainer (Figure 2) . Recently a trainer expansion system (Figure 3) , which includes bus expansion slots, motherboard, and wire-wrapped memory and interface cards, has been built.
Slotcar control
Aurora AFX G+ Plus cars were chosen because their motors have a very strong magnet that is used both for propulsion and for holding the car on the track. The magnet will operate a reed switch located up to 12 millimeters below the track. Reed switches, mounted at appropriate positions under the track, are wired back to a switch matrix (Figure 4) Two car-speed control circuits are used. One is an analog controller that uses a digital-to-analog converter to drive a power amplifier ( Figure 5 ). Initially the car was on an open-loop voltage control, but frictional losses vary considerably as the car warms up. Now current feedback is used to calculate an electromotive force signal (which is proportional to the rotational speed of the motor) for closed-loop control. Depending on the purpose of the lesson, the loop can be closed either externally by means of preset timing components or in software through direct digital control.
The other car-speed control circuit uses a software-generated pulse-widthmodulated signal to drive the power amplifier. This controller must provide closed-loop control in software. Both controllers use a Class B power amplifier (Figure 6 ), which allows regenerative braking of the car. Initially, both controllers used an open-collector power stage, but this arrangement caused a decelerating car to dissipate energy only through friction. Thus, the car took too long to slow down. However, a hand control is usually employed, and energy is dissipated in its rheostat.
Design problems
Before we built the first track layout (Figure 7) , we did not realize how "real- world" the model would be. The car motors generate an incredible amount of electrical noise. Most of the noise problems were overcome by solidly grounding everything. All external wiring, particularly to the reed switches, had to be heavily filtered and terminated to reduce both noise from the motors and crosstalk from other reed switches closing. The power supply included in the slot-car set was unregulated and had considerable droop. Consequently, when one car accelerated the voltage drooped, affecting the speed of the other car. One car decelerating could cause the other car to leave the track if that car was rounding a corner. The droop problem was overcome by installing separate power supplies for each track.
Both car and track are of high quality and are easy to service. The car needs regular oiling and cleaning. As the car tires wear down, the ratio of car linear velocity to motor rotational velocity drops, but because the car is closer to the track, the magnetic attraction increases. This allows higher speeds until finally the car scrapes the track.
The solid silver-plated pickups are very effective, but three track conditions cause problems:
* Resistive track-to-track connections cause a decrease in the voltage available to the motor. * Track electrical rails do not always protrude above the track surface. If there is less than 0.5 millimeter of rail above the surface, electrical continuity is lost. Normally the condition can be rectified by pushing up the rail from the underside of the track until it is at the correct height. * The track rails oxidize rapidly. This produces an insulating layer of oxide between the rails and pickups. This problem can be overcome by regular track cleaning with an ink eraser or by driving a car around the track, with a hand controller, for a few laps.
Track sections are available in a variety of shapes, which allows complex track layouts. We have changed our initial layout, which included a fly-over, to a flat layout (Figure 8 ) because some configurations create problems for both track maintenance and computer control. We avoided curves greater than 180 degrees, flexitrack, banked curves, and criss-cross sections.
Control software
Currently the slot-car control system is used in a microprocessor course. ( Working models interfaced to microcomputers provide an inexpensive way of simulating the real world. Students working with these systems get a feel for computer control and learn the fundamentals of microcomputer hardware, software, and interfacing. A microcomputercontrolled slot-car system enables the student to experiment with analog and digital input and output, optimization techniques, real-time computing, and applied control theory. Such experimenting provides a stimulating environment where learning is enjoyable.-
